Gadilam river basin has gained its importance due to the presence of Neyveli Lignite open cast mines and other industrial complexes. It is also due to extensive depressurization of Cuddalore aquifer and suggests that leaching of ions followed by weathering and anthropogenic impact controls the chemistry of the groundwater. Isotopic study reveals that recharge from meteoric source in sedimentary terrain and rock water interaction with significant evaporation prevails in hard rock region.
Introduction
Groundwater is a natural resource, which is being renewed by different process. Geochemical processes occurring within the groundwater and reactions with dissolved minerals have a profound effect on water quality. Hydrogeochemical composition of groundwater can indicate its origin and history of passage through underground materials, which water has been in contact.
In Gadilam river basin, groundwater is found in both hard rock and sedimentary terrain and is the most important source of rural/urban drinking water supply (Prasanna 2008) . In the recent years due to the advent of industrial growth, large-scale application of synthetic fertilizers for agriculture production and use of pesticides and insecticides for production has caused serious concern regarding susceptibility of groundwater contamination. In addition to this, multivarious human activities particularly those involved in land disposal of industrial effluents and sewage effluents, sludge and solid waste, septic tank effluents, urban run-off and various unknown human activities contaminate groundwater sources.
Gadilam river originates in the hard rock region and flows through the sedimentary terrain. Large scale extraction in this basin is done by Neyveli Lignite Corporation (NLC) . The open cast mining of Lignite requires heavy pumping at the rate of 9,000 -10,000 m 3 hr -1 as water table has to be brought down below the lignite seam (Gowrisankaran 1992) . Water from the Veeranam Lake is supplied through transmission line to Chennai city. To augment the supply during failure of monsoon, 48 deep bore wells were drilled and operations are done alternatively to pump the groundwater from deeper aquifer and the pumped water is connected to the New Veeranam Scheme (NVS) pipelines. Apart from these large scale extractions, an industrial estate SIPCOT (Small Industries Promotion Corporation of Tamilnadu) with groups of industries, which generate multi facet chemicals and raw materials are distributed along the downstream of the river Gadilam, near the Cuddalore coast. Aravindan et al. (2004) has attempted to classify the groundwater quality in the hard rock aquifer of Gadilam river basin. A detailed study on sea water intrusion along the Cuddalore (Ramanathan et al. 1999) , Chennai (Gnanasundar and Elango 1999 and Satheesh Herbert Singh and Lawrence 2007) and in Pichavaram (Chidambaram et al. 2005) were carried out. Keeping all the above facts in the mind, an attempt has been made to understand the complexity of hydrogeochemical characters in the study area. The entire Gadilam river basin has been selected to have a holistic picture. The main objectives of this study are to understand the hydrogeochemical variation of groundwater with respect to lithology in space and time and probable factors responsible for water chemistry of the region.
sample from Cretaceous, seven surface water from river and two surface water from tank. Cretaceous formation covers less than 5% of the study area. In certain location during summer and southwest monsoon periods the wells were dry. River Gadilam is an ephemeral river with water flows only during NEM and POM periods.
One litre of water samples was collected in polyethylene bottle four times a year to broadly cover seasonal variation with respect to lithology. Then it was sealed and brought to laboratory for analysis and stored at 4ºC before analysis.
The samples collected were analyzed for major cations like, Ca and Mg by Titrimetry, Na and K by Flame photometer (CL 378); anions, Cl and HCO 3 by Titrimetry, SO 4 , PO 4 , and H 4 SiO 4 by Spectrophotometer (SL 171 minispec). EC and pH were determined in the field using electrode (Eutech).
The analyses were done by adopting standard procedures (APHA 1998 Corporation, Bermen, Germany, the standard deviation of our measurements is ±1.72‰ for Oxygen and ±0.8‰ for Hydrogen) . All the measurements were carried out against laboratory substandard that were periodically calibrated against the international isotope water standards recommended by the IAEA (V- 
Result and discussion

Water chemistry
The average, mean, and standard deviation values of the water samples collected during four different seasons in different formations are given in Table 1a and 1b. The total cations (TZ + ) and total anion (TZ -) balance (Freeze and Cherry 1979 ) is considered to shows the charge balance error percentage.
The error percentage in the samples of the present study ranges between ±1% to ±10%. Occurrence of errors in chemical analysis of groundwater is also due to the reagents employed, limitations of the methods and the instruments used, presence of impurities in distilled water etc. The correlation coefficient between TZ + and TZ -is around 0.6 to 0.9. TDS / EC ratio was ranging from 0.5 to 0.9. The role played by other ions than those considered here for the cations and anions charge balance is less significant.
In Alluvium formation, Cl is the dominant anion followed by HCO 3 , SO 4 and PO4 during SUM, NEM and POM seasons. But in SWM, HCO 3 is the dominant anion followed by Cl, SO 4 and PO 4 . Higher concentration of chloride in this region is may be due to sea water intrusion along the coast (Chidambaram et al. 2007 ). In POM, Na is the dominant cation followed by Ca, K and Mg. But in SUM, SWM and NEM, Na is the dominant cation followed by Ca, Mg and K. Na is found to be the dominant cation it may be due to the weathering of Alkali feldspar in rocks or due to cationic contribution from sea water.
In Tertiary Formation, Cl is the dominant anion followed by SO 4 , HCO 3 and PO 4 during SUM. In POM, Cl is the dominant anion followed by HCO 3 , SO 4 and PO 4 . In SWM, HCO 3 is the dominant anion followed by SO 4 , Cl and PO 4 . In NEM, HCO 3 is the dominant anion followed by Cl, SO 4 and PO 4 . The contribution of HCO 3 -is may be due to chemical weathering of silicate and carbonate minerals (Srinivasamoorthy 2004) . In SUM, NEM and POM, Na is the dominant cation followed by Ca, K and Mg.
But in SWM, Na is the dominant cation followed by Ca, Mg and K.
In Archaean formation, HCO 3 is the dominant anion followed by Cl, SO 4 and PO 4 during SUM, SWM and NEM seasons. But in POM, Cl is the dominant anion followed by HCO 3 , SO 4 and PO 4 . The contribution of chloride may be due to the leaching of secondary salts during weathering processes. In SUM, SWM and POM, Na is the dominant cation followed by Ca, K and Mg. But in NEM, Na is the dominant cation followed by Ca, Mg and K.
In tank water, Cl is the dominat anion followed by HCO 3 , SO 4 and PO 4 irrespetive of seasons. Na is the dominant cation followed by Ca, K and Mg irrespective of seasons. In river water, HCO 3 is the dominant anion followed by Cl, SO 4 and PO 4 irrespective of seasons. In NEM, Na is the dominant cation followed by Ca, Mg and K. But in POM, Na is the dominant cation followed by Ca, K and Mg.
Geochemical classification
Hydrogeochemical facies interpretation is a useful tool for determining the flow pattern, origin of chemical histories of groundwater. The diamond field of Piper (1944) for Alluvium formation (Fig. 3) shows variation with seasons. The plot mainly falls in fields 2, 3, 4 and 1. In NEM and POM, the samples are concentrated in Na-Cl type indicating saline nature in the groundwater. In SUM and SWM, cluster of samples fall in Na-Cl and mixed Ca-Na-HCO 3 , Ca-Mg-Cl facies. The data plot of Piper Trilinear diagram (Fig. 3) indicates the change of CaHCO 3 facies in summer to NaCl facies in winter, as calcium is replaced by sodium during North East monsoon (Aravindan et al. 2004 ). In Tertiary formation (Fig. 4) , the plot falls in fields 2, 3, 4 and 5. The dominant fields are 2, 3 and 4. SUM and SWM seasons are well represented in plot 2 and 3, indicating the dominance of alkaline and strong acids. In NEM and POM, cluster of samples fall in Na-Cl type and some samples also represent mixed Ca-Mg-Cl and Ca-Cl facies.
In Archaean (Fig. 5) , most of the plots fall in field 2 with less representation in 3 and 4. In NEM and POM, alkaline and strong acid are predominant indicating the intensive weathering action of silicate bearing minerals and secondary leaching of ions (Srinivasamoorthy 2004) . In SUM and SWM, majority of samples fall in Na-Cl and mixed Ca-Mg-Cl with minor representation from mixed Ca-Na-HCO 3 and Ca-HCO 3 facies.
In Cretaceous formation (Fig. 6 ), NEM samples fall in Ca-HCO 3 facies indicating the dominant of alkali earth and week acids. But in POM, plot fall in Na-Cl facies indicating the predominant of alkaline and strong acid. In tank waters (Fig. 7) , SUM and SWM samples fall in Na-Cl and mixed Ca-Mg-Cl facies.
In NEM and POM, most of the samples fall in Na-Cl facies indicating the dilution of secondary salt precipitation. In river water (Fig. 7) , cluster of samples during POM is noted in Na-Cl facies and NEM samples fall in mixed Ca-Na-HCO 3 , Ca-HCO 3 and mixed Ca-Mg-Cl facies. In general, the plot shows that alkali (Na) exceeds alkaline earth (Ca and Mg) and strong acid Cl and SO 4 exceeds the week acids (HCO 3 ) in all the litho units irrespective of season.
Ionic Strength
Ionic strength is a measure of total concentration of ions which emphasizes increased contribution of species with charges greater than one to solution non-ideality (Domenico and Schwartz 1990) .
Where m 1 is the atomic/molecular weight and z 1 is the valance of the respective ion. Ionic strength of fresh water is less than 0.005 (Hem 1959) . In the study area, higher ionic strength was noted in Alluvium and Archaean formation irrespective of seasons, indicating lesser inflow of fresh water into the system (Fig.   8 ). Low ionic strength was noted in Tertiary formation indicating higher inflow of fresh water/ recharge (Prasanna et al. 2006 ).
Partial pressure of Carbon dioxide (Pco 2 )
In SUM, the LogPco 2 values ranges from -2.5 to -1. The samples from Tertiary formation and certain samples in Alluvial terrain show nearly the atmospheric value (-3.5) (Fig. 9) . Samples from Archaean formation show higher Pco 2 value ranging from -2.39 to -1.19 suggesting that the additional CO 2 has been acquired from the soils during the process of infiltration towards the zone of saturation (Prasanna et al. 2006 
Na system
In Alluvium formation ( Fig. 10 Silica to the pre-existing Kaolinite, which appears to be formed owing to evaporation processes as suggested by Jacks (1973) .
In Archaean (Fig. 12) , same trend was observed as in Alluvium. In Cretaceous (Figure 13 ), samples fall in the Kaolinite field irrespective of seasons. In surface water (Fig. 14) , samples fall in the Kaolinite field irrespective of seasons and the river water samples move towards Na-Montmorllinite field during POM may be due to concentration of ions along flow path of water. Generally, samples of SUM and SWM are stable in Kaolinite field, whereas in NEM and POM samples are moves towards NaMontmorllonite field.
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Factor Analysis
In SUM, 3 factors were extracted with 78.62% of Total data variability (TDV) ( Table 2) In SWM, 3 factors were extracted with 76.90% of Total data variability (TDV). Factor 1 was represented by Cl, HCO 3 , Ca and Na, which is similar to factor 1 in SUM (Table 2) . Factor 2 representing PO 4 , H 4 SiO 4 , Ca and Mg indicating anthropogenic impact from the agricultural practices (Chidambaram et al. 2008) . Factor 3 represented by SO 4 and K also indicating anthropogenic impact.
In NEM (Table 2) In POM (Table 2) In general leaching of secondary salts, weathering and anthropogenic impacts are the dominant controlling factors governing the groundwater in the study area.
Isotopic signatures
Isotopic ratio in south west monsoon
Totally 19 samples (groundwater and surface water) were collected and analyzed for stable isotopes oxygen-18 and Deuterium in September 2005 (Table 3 ). It is observed that there is a clear demarcation of isotopic signatures in ground water of different terrains in the study area (Fig. 15) Local meteoric water line (LMWL) indicating recharge from meteoric source (Prasanna et al. 2007 ).
The ground water has slightly less δ 18 O and δD than the weighted mean for precipitation (Ian Clark and Peter Fritz 1997) . Minor deviation from the weighted average precipitation can also be attributed to the land use practices. Darling and Bath (1988) noted that recharge beneath permanent grass cover is somewhat isotopically depleted relative to the favorable plots, reflecting the evaporation loss, which may also be contributory factors for major isotopic variation from Global meteoric water line (GMWL). either one of the above two factors or in combinations may be the responsible for low slope. This displacement may also be due to recharge of the evaporated surface waters. Since few surface water tanks are located in the hard rock terrains of the study area, these tanks may significantly contribute water to the ground system. The evaporation taking place in the fractures is also well witnessed by the higher saturation index (S.I) of Calcite, precipitation of Calcite is also witnessed in the fractures along the well cuttings of the study area (Chidambaram et al. 2007 ) (Fig. 21 ). Though few rock water interaction mechanisms are also noted in this terrain. δD and δ
18
O values of the surface water samples fall away from the GMWL line indicating that the waters are mostly affected by evaporation processes.
Isotopic ratio in post monsoon
Totally 41 samples (groundwater and surface water) were collected and analyzed for stable isotopes oxygen-18 and Deuterium in January 2006 (Table 4) . The δD and δ 18 O data fall into distinct groups providing information on the secondary processes acting on the water as it travel from precipitation to groundwater. The river water samples plot to the right of the LMWL along a shallow-slopping trend, suggesting a typical evaporation pattern (Fig. 16 ). The groundwaters in Tertiary formation fall within a cluster either close to or to the right of the LMWL, indicating that these samples have undergone some evaporation prior to infiltration (Baskaran et al. 2005) . In Alluvium formation, samples fall parallel to the LMWL indicating recharged by the local precipitation. The majority of Archaean terrain groundwaters plot along a shallow-slopping trend to the right of the LMWL, indicating that evaporation concentration is a significant process for these samples. It has been reported that recharge by surface water via bank infiltration would be characterized by low chloride and relatively enriched δD signatures whereas diffuse recharge would tend to be enriched in chloride and depleted in δD (Lamontagne et al. 2002) . In POM, chloride-deuterium plot suggests that three types of groundwaters occur in the study area ( Fig. 18) suggest that the rainwater charged with atmospheric CO 2 has acquired additional CO 2 from the soils and thereby developing high Pco 2 water on their travel to deep unsaturated zone (Prasanna et al. 2007 ). In POM (Fig. 20) , LogPCO 2 values of the region range from -4.00 to -1.62 respectively. The LogPco 2 -δD plot follows the similar trend as in SWM.
Saturation State
The disequilibrium indices of Carbonate minerals Aragonite, Calcite, Dolomite, Magnesite and
Hydromagnesite were represented from the data bank of WATEQ4F and studied for the dissociation factors in the major litho units of the study area. The Fig. 21 During POM (Fig. 25) 
Conclusion
The indicates that the secondary leaching of salts, weathering and anthropogenic activities play a major role.
Isotopic study reveals that recharge from meteoric source in sedimentary terrain and rock water interaction with significant evaporation prevails in hard rock area. 
